The respiration of pear fruit (Pyrus communis L. Passe Crassane) cells was monitored after subculture into an auxin-free, mannitol-enriched medium in which the cells remained viable but did not grow. Respiration rates were affected by the presence or absence of sucrose in the medium even though the cells retained reserves of sucrose and starch. Provided the medium contained respirable carbohydrate, exposure to ethylene (1-10 microliters per liter) increased the respiration rate with some acceleration of cell death. In the range from 10 to 2% oxygen by volume, the respiration rate of the cells decreased with oxygen concentration resulting in some prolongation of cell life. Thus, in their responses to ethylene and modified atmospheres, the cells reflected the behavior of harvested fruits. Having defined conditions under which respiration rate could be varied without apparent influence on the quiescent state of the cells, we sought a connection between maintenance respiration and protein turnover. Relative rates of protein synthesis were assessed by measuring ribosome distribution between monosomes and polysomes. In general, the higher the respiration rate the higher the proportion of polysomes supporting the thesis that protein turnover is a variable component of maintenance metabolism. Protein turnover in cells incubated in the presence or absence of sucrose was measured as retained a-amino-3H following a pulse of 3H20. Turnover was shown to be a quantitatively important component of the maintenance budget and to be more rapid in cells in media supplemented with sucrose through the chase period. The experiments illustrate that cultured cells may be used to explore aspects of the maintenance metabolism of resting or senescent cells that are not amenable to study in bulky fruit tissues.
Growth analysis studies distinguish respiration or energy debts for growth and those for maintenance (1, 27, 28) . The implication is that apart from the energy needs of growth, translocation, and storage, there is an energy cost in maintaining expanded cells. This view is consistent with the notion that cells within differentiated tissues react to environmental influences so as to retain existing form and functions, the so-called homeostatic response (22) .
The discipline of postharvest physiology is primarily concerned with the maintenance of harvested fruit and vegetables. Storage strategies, including reduced temperature, lowered oxygen, and/ or raised carbon dioxide concentration, result in a reduced rate of respiration and, consequently, a reduction in the energy available for maintenance. Since the storage conditions have been developed by empirical experimentation to maintain the tissue for a prolonged period, the enegy yield from the reduced respiration experienced during storage must be adequate to meet maintenance needs. It would seem to follow that 'maintenance respiration' is not a constant function for a tissue and that as the energy available for maintenance declines those maintenance components that are vital to cell integrity have priority. In normal air, these vital aspects of maintenance may be much larger than they are in horticulturally useful modified atmospheres, for in air senescence is quickened and a larger compensatory (homeostatic) response may ensue (22) .
It has been rationalized that protein turnover and the maintenance of ion gradients are quantitatively the major sinks of maintenance energy (17, 21) . Since a relatively constant cytoplasmic ion concentration is vital (30) , protein turnover may be a major but variable component of the cost of maintenance. There is some evidence of a connection between the rates of respiration and protein turnover. Correlations between respiration, energy change, and rates of protein synthesis have been noted in a number of tissues (5, 18, 20) . During fruit ripening, both respiration and protein turnover (3) or respiration and polysome assembly (26) increase as does respiration and the polysome population in ethylene-treated avocado fruit tissue (29) .
A relationship between maintenance respiration and the polysome population in a nongrowing, nondifferentiating tissue is consistent with protein turnover being a variable component of the maintenance debt, but it does not confirm that protein turnover is a major cost of cell maintenance. Quantitative estimates of protein turnover in plant tissues, and especially bulky tissues like fruit, are made difficult by nonequilibrating precursor pools and recycled labeled turnover products (8) , and there are no reliable estimates of the absolute rates of protein turnover in such tissues. Codron et al. (6) suggested and subsequent studies (23) have shown that cells cultured from pear fruit and held in culture conditions in which growth does not occur and death is delayed may be a useful model system for the study of plant cell senescence. We report here observations of variables that'influence the respiration rate of nongrowing, cultured pear cells on the interactions between respiration rate, polysome assembly, and cell viability and on an estimate of the rate of protein turnover in the cells.
MATERIALS AND METHODS
Cell Cultures. The strain of cells used was established from young 'Passe Crassane' pear (Pyrus communis L.) fruit by Pech et al. (15) . The cells were cultured in a modified Murashige and Skoog (14) medium as described by Pech and Romani (16), Plaint Physiol. Vol. 87. 1988 deprived of auxin by culture for 7 to 9 d in a medium lacking 2,4-D, and then washed and cultured in the 'aging' medium developed by Codron et al. (6) with the single modification that the calcium concentration was increased to 1 mm. Aging medium has one-fourth the concentration of the mineral and organic nutrients present in the standard growth medium and no 2,4-D, but contains 0.385 M mannitol and 0.015 M sucrose. In some experiments, sucrose was excluded and the mannitol concentration increased to 0.40 M.
Gas Analysis. Cultures were of 1 L volume in 2 L Erlenmeyer flasks. Filtered humidified air with or without ethylene or mixtures of oxygen and nitrogen were bubbled through the culture at 90 ml minm -in a darkened room at 27°C. The flasks were agitated on an oscillating shaker to maintain the cells in suspension. Carbon dioxide in the emerging gas stream was analyzed in an infrared gas analyzer (Horiba Instrument Co., model PIR 2000) which, under the control of a programmer (EXAR Integrated System Inc., model XR 2240), sampled each culture for 30 min and reported on a Datel model DPP 7A2 printer. Generally, a reading on each culture was received each 3.5 h. When ethylene or controlled levels of oxygen were pumped through the cultures, ethylene and oxygen concentrations were monitored by gas chromatography.
Estimates of Viability and Cell Number. The viability of cells was estimated in terms of their ability to exclude Evans blue (19) . Cell count was estimated from a calibration curve relating packed cell volume after centrifugation for 5 min at 2000g to number of cells (19) .
Analyses. Polysomes were recovered, fractionated, and quantitated as described by Puschmann and Romani (19) . a-Amino carbon was estimated as the difference in 3H content of the acetylated sample before and after drying at 100°C. The method is based on Humphrey and Davies (9) .
To estimate cell nitrogen, cells were recovered from the culture on glass fiber filters, washed free of medium nitrogen using 0.38 M mannitol solution. and either digested directly or after exhaustive extraction with 80% (v/v) ethanol. The cells and the concentrated cell extracts were digested by the Kjeldahl procedure, and ammonia in the digests was measured as described by Carlson (4).
Sucrose, glucose, and fructose in the medium and in extracts of the cells made with 80% (v/v) ethanol were estimated enzymically as NADPH production (2) . Starch in ethanol-extracted cells was solubilized using dimethylsulfoxide and was digested with amyloglucosidase before the released glucose was estimated enzymically (10) .
Protein Turnover. Two d after transfer to aging medium, cells contained in 100 ml of medium were transferred into a 250 ml flask, and 240 x 101 Bq of 3H.O were added. The flask was shaken and purged with sterile, humidified air during incubation at 27°C. After 48 h, three 1.5 ml samples were withdrawn, and the remaining cells were washed on a sintered glass filter with 3 volumes of aging medium that contained no sucrose. The washed cells were divided into four 30 ml lots each in a 125 ml flask. Two of the four lots contained 15 mm sucrose; two were without sucrose. The cultures were incubated, and quadruplicate 1.5 ml subsamples were withdrawn after 48 and 96 h.
Each cell sample was washed six times in 5¢C TCA (20°C), two times in 5% TCA (95°C), two times in 5% TCA (20°C), and two times in ethanol and then was dried in vaculo for 2 h. The dried cells were suspended in 0.2 M NaOH for 48 h at 20'C, and the extract was recovered by centrifuging. A subsample was taken from the extract for protein estimation (13) , and the remainder was hydrolyzed in 6 M HCl (105°C, 24 h). The sample was dried in an airstream at 60°C. The residue was dissolved in water and added to a 6 x 20 mm column of Dowex 50X8 (H, ). Neutral compounds were eluted with water and bases with 4 M NH,OH.
After drying, the bases were dissolved in 1(1 ,1u water plus 8t) ,tl acetic anhydride and were heated for 3 h at 120°C.
RESULTS
Our initial aim was to establish conditions under which the respiration rate of the culture could be varied without influence on viability or cell number. The maintenance of a constant population of cells in a 224-D-depleted medium containing 0.4 Ni mannitol or mannitol plus sucrose has been described (6. 7. 16: in particular, see Ref. 7 , Fig. 2d ), and our experience was simlilar.
Cell mass, as measured by packed cell volume, increased by 10 to 20% during the initial 2 or 3 d of culture and then remained constant for 10 to 12 d. Cultures transferred to aging medium showed a characteristic pattern of respiration. Respiration increased after the transfer to reach a maximum in about 72 h. The rate then declined steadily, settling to a persistent 0. 1 to 0).2 ml CO2 per million cells per hour. Analysis of the medium showed that the decline in respiration after about 72 h was associated with the exhaustion of the sucrose initially present in the medium. An addition of more sucrose to the medium resulted in ani extension of the period of high respiration rate (Fig. la) . Analvses of the medium, to which sucrose was added at 115 h ( Fig. la) , showed that the medium contained 41 mm hexose (sucrose. fructose, and glucose calculated as glucose) at 120 h, 10 mmi at 160 h, and less than 0.1 mm at 200 h. At the time when the hexose in the medium was almost exhausted, the cells contained reserves of sugars and starch (Table I) . Further experiments (not shownl) revealed that respiration could be maintained at a high level or restored to a higher level by additions of sucrose at any time during a culture period of 10 d.
Figure lb demonstrates the rapid respiratorv response when sucrose was added 120 h after cells were seeded in an aging medium containing no sucrose. Differences were noted in cell density and cell protein in the plus sucrose and minus sucrose treatments. In the experiment shown in Figure lb . proteini nitrogen per culture was 101.7 + 5.6 mg at 120 h, 87.0 + 4.1 mg at 160 h, and 89.6 ± 1.5 mg at 210 h in cultures not supplemented with sucrose. In cultures to which sucrose was added at 121 h, protein nitrogen was 99.8 + 1.7 mg at 160 h and 104.2 + (10.9 mg per culture at 210 h. Protein (protein N x 6.0) was 13.2 + 0.4% of cell dry matter for all samples and did not vary accordineg to sampling time or sucrose treatment.
Effect of Ethylene. Ethylene is known to increase the respiration rate of many plant tissues (25) . Figure 2 shows the influence of 5 ,1u/L ethylene on respiration and cell viability in three different cultural conditions. When applied to cultures to which additional sucrose had been added, ethylene treatment had a large effect on respiration rate and on cell viability (Fig. 2a) . If the medium initially contained sucrose, but the ethylene treatment was applied when the sucrose concentration was low, ethylene treatment had a smaller effect on respiration and caused a fall in viability in the short term but not a progressive decline (Fig. 2b) . If sucrose was not included in the aging medium. ethylene treatment had only a small temporary effect on respiration and did not influence viability (Fig. 2c) . Ethylene cotncentrations in the range 2 to 100 ,ul/L had equivalent effects.
Effect of Oxygen Concentration. The pear cells in these culture conditions were found to respond to a change in oxygen concentration in a manner that was comparable to intact storage tissue (25) . There was little difference in respiration rate between air and 10% oxygen, but CO, output was greatly reduced in 5`%' and 2.5%1, oxygen (Fig. 3 The presence of sucrose in the chase medium resulted in an increase in the rate of loss of 3H from the a-carbon of protein amino acids. After 4 d, the specific activity declined by 52% in the plus-sucrose medium and by about 37% in the minus-sucrose treatments. There was a 5% higher content of protein throughout the chase period in the sucrose-supplemented cultures, but this represented a net loss of protein in the absence of sucrose and did not contribute to the specific activity differences. The rate of protein turnover was about 13% per day when the medium contained sucrose and 9% per day when sucrose was not present. The difference in respiration rate in cells treated in these ways was about 150% (Fig. lb) .
DISCUSSION
We have demonstrated three ways in which a population of pear cells may be held for several days with an almost constant cell mass and percentage of viable cells but with a varied respiration rate. The respiration rate is very sensitive to the presence of sucrose in the medium, ostensibly responding to the energy needs for sugar uptake and being comparable in this regard to excised root tips (24) . Sucrose added to the medium is rapidly inverted to glucose and fructose presumably by a cell wall invertase. However, the increment in soluble sugars within the cells was largely as sucrose ( Table I ), indicating that after hexose uptake sucrose is resynthesized within the cells. The increase in respiration associated with the use of external carbohydrate represents the oxidation of about one-sixth of the carbohydrate lost from the medium.
The respiration rate could also be modulated by varying the concentration of oxygen. Under the conditions used, there was little variation in respiration rate in 10% oxygen as opposed to air, but respiration decreased in the 10 to 1% oxygen range (Fig.  3) . This approximates the range through which stored fruit and bulky vegetative tissues respond to oxygen (25) and points to the potential usefulness of cell cultures in studying the responses of cells to modified atmospheres.
The interaction between the presence of external carbohydrate in the medium and the cells' response to ethylene (Fig. 3) is intriguing and deserves further study. Depending on the amount of carbohydrate in the medium, ethylene had a large, a moderate, or a barely detectable influence on the respiration rate (Fig. 2) . At face value, it would seem that ethylene may increase the flux of carbohydrate from the outside to within the cells and that this results in a greater rate of ATP turnover and so of respiration. However, we have no evidence to support this interpretation and no information on how ethylene influences carbohydrate distribution between cells and medium or within the cells.
We have two consistent correlations in our experiments. The percentage of ribosomes recovered as polysomes showed a positive correlation with the respiration rate (Table II) . This suggests that protein turnover increased as the available energy, or energy charge, within the cells increased. That is, protein turnover is a variable and flexible component of maintenance and not a constant independent determinant of the maintenance requirement. The provision of external sucrose had a rapid effect on polysome levels, and the effect lasted for several days (Table II) . The plus and minus sucrose cultures had different levels of cell protein, apparently due to a loss of both protein and nonprotein cell mass when the sucrose supplement was not given. We conclude from this evidence that the increase in polysomes after the addition of sucrose was not associated with growth but with a change in metabolism for maintenance. The persistence of the increase in polysomes in intervals of constant cell protein and cell mass support this interpretation. The increase in polysomes following an addition of sucrose indicates that there are secondary effects that follow from an increase in respiration besides the rather direct effects that link the respiration rate to substrate uptake (11), substrate phosphorylation, and sucrose synthesis.
The second consistent correlation noted was between respiration and cell viability. Enhanced medium sucrose concentration or the presence of ethylene and external carbohydrate decreased viability, and each of these treatments also increased the respiration rate ( Figs. 1 and 2) . A reduced oxygen concentration gave a reduced respiration rate (Fig. 3) and maintained the viability of the culture population. It is tempting to draw parallels to the influence of the presence or absence of ethylene and of modified atmospheres on the shelf life (viability) of harvested fruits in which a negative correlation between respiration and longevity exists. In neither case is substrate (carbohydrate) exhaustion at issue. In nongrowing tissues the exhaustion of an element, such as phosphorus, should not occur, but such a possibility can be readily tested in cultured cells.
Direct estimates of protein turnover (Table III) support the presumptive conclusions, based on ribosome distribution (Table   574   I (17) . Respiration in the minus sucrose cultures was about 10 ml CO, per culture per hour, or 9.6 mmol of CO, per day equivalent to the oxidation of 1.6 mmol of glucose. The yield of ATP would lie roughly between 45 and 15 mmol depending on the contribution of the alternative pathway. In the minus-sucrose medium. protein turnover is thus estimated to use a minimum of 13Cc of the energy of respiration. While respiration increased more than protein turnover when external sucrose was provided, much of the additional respiration may be by the alternative pathway ( 12) so that available ATP may not increase in proportion to respiration. This matter could be evaluated in the cultured cells.
ENERGY USE IN NONGROWING CULTURED CELLS
Estimates of protein turnover in vacuolated cells are made difficult because the presence of the vacuole and other slowly equilibrating pools makes the efficient chasing of radiolabeled precursors impossible (8) . Using 3H.O as the precursor reduces this problem but analytical accuracy requires an extended chase period so that the contribution of rapidly turning over proteins is underestimated; any method estimating the long-term decay of activity in protein will ignore the contributions of processing reactions and the breakdown of those proteins that fail to be rapidly and correctly placed in membranes or organelles and whose life in cells may be a matter of minutes. These deficiencies in the method are recognized but have not been quantified.
We have demonstrated that cultured fruit cells respond to low levels of ethylene and decreased oxygen tensions in much the same way as do harvested fruit tissues, thus buttressing prior evidence (23) for the utility of the cells as an experimental (model) system for the study of senescence. Moreover, it is now seen that the cells can be held in various metabolic conditions for a time that is sufficient to allow detailed analyses of their metabolic responses to imposed stimuli. We have presented data showing that protein turnover is a significant but variable sink of metabolic energy and suggest that this system is one in which the various components of cell maintenance can be measured and manipulated. 
